Introduction
Compact, efficient, high-bandwidth and high-power mmwave sources are essential for many applications in secure communications, environmental monitoring, imaging, spectroscopy for remote sensing in nonproliferation, and basic research such as radio astronomy [2] . Commercial microwave tube amplifiers are available at frequencies up to only 100 GHz (W-band) and have to trade off maximum output power against bandwidth. A vaneloaded metal waveguide traveling-wave tube with 7 per cent bandwidth was demonstrated at Los Alamos National Laboratory in 2003 [3] . Next we proposed to use photonic band gap (PBG) structures for constructing a TWT at around 100 GHz, a completely novel approach [1] . In recent tests, we have demonstrated reproducible gain in the first prototype PBG structure tube.
We have designed, fabricated and tested a novel W-band TWT amplifier based on a slow-wave cylindricallysymmetric PBG structure, or an "omniguide". The omniguide [4] represents a periodic system of concentric dielectric tubes, which can effectively confine a TM 01 -like mode near the axis. Omniguides with a hollow core found their application in transporting CO 2 laser radiation in flexible medical scalpels [5] . For TWTs it is necessary to use a core in the form of a dielectric central tube for slowing the wave down to match the electron beam velocity. The mode is confined inside an entirely dielectric structure resulting in reduced ohmic loss and higher breakdown power threshold compared to metals. PBG TWT structures have great potential for very large bandwidth and linear dispersion with the band gap being usually larger than 20 percent. Fabrication of dielectric designs has the potential to be much cheaper, easier, and faster, than fabrication of slow wave metallic designs, enhancing the commercial transferability of the technology.
Tube Parameters
The omniguide structure was designed and cylinders were fabricated with silica dielectric and integrated with regular copper input and output waveguides ( Fig. 1 , Table 1 ) [1] . The central tube was tapered slowly at the edge to allow for adiabatic coupling of the microwaves to the omniguide input aperture, which was fed by two WR10 waveguides 180 degrees out of phase in a custom coupler. The output also had two WR10 waveguides in the same configuration. Cold-test results were found to be in excellent agreement with the design. The operational band was restricted by the WR10 couplers, not the omniguide structure by itself, and was more than 10% (Fig. 2) . The structure was designed to amplify millimeter-waves in the frequency range of 90-100 GHz when driven by a 2 A, ≈110 kV electron beam. Figure 3 shows theoretical calculations of optimum voltage and gain as functions of frequency.
Gain Measurements
A test beamline was built at Los Alamos and the gain experiments with pulsed electron beam were carried out. Theoretical studies of the omniguide net gain yielded ≈4 dB/cm for a 2 A, 110 kV electron beam (Fig. 3) .
However, because of the alignment difficulties, we were only able to pass through the omniguide no more than 1 A of current. This limited the maximum gain to lower values. Nevertheless, the millimeter-wave power amplification was clearly demonstrated in very reproducible pulses of about 1 µs in duration at frequencies from 91.5 to 101 GHz (Fig. 4) . The measured total gain was from about 3 dB to 4.5 dB. Taking into account slower than exponential amplification in the beginning part of the tube, it results in about 2.5 dB/cm of specific linear gain after the beam is modulated. This gain was found to be in agreement with theoretical estimates if less than 1 A of the electron beam was transmitted through the omniguide. We also observed the effect of the millimeter-wave power attenuation in the omniguide in case when the speed of electrons (or voltage) was detuned from its optimum value. In Figure 4 this condition corresponds to the dips in the output power on both sides of the region of amplification, when the beam voltage is lower than the optimum voltage. However, for very low voltages, the electromagnetic wave and the beam do not interact, so there is neither gain, nor attenuation. When we set the beam voltage too high for a given input frequency, the output pulse had a double-humped waveform since the highest output was reached twice during the pulse as the voltage passed through the optimum points. Even though we could not measure beam voltage precisely, the basic trend of optimum voltage versus frequency clearly followed the dependence in Figure 3 .
In the course of the experiment the omniguide dielectric tube performed very well with the electron beam and did not show any signs of charge accumulation or damage. 
